Aims/hypothesis In addition to its efficacy in reducing LDLcholesterol, rosuvastatin has been shown to significantly decrease plasma triacylglycerol. The use of rosuvastatin may be beneficial in patients with type 2 diabetes, who usually have increased triacylglycerol levels. However, its effects on the metabolism of triacylglycerol-rich lipoproteins in type 2 diabetic patients remains unknown. Methods We performed a randomised double-blind crossover trial of 6-week treatment with placebo or rosuvastatin 20 mg in eight patients with type 2 diabetes who were being treated with oral glucose-lowering agents. In each patient, an in vivo kinetic study of apolipoprotein B (ApoB)-containing lipoproteins with [ 13 C]leucine was performed at the end of each treatment period. A central randomisation centre used computer-generated tables to allocate treatments. Participants, caregivers and those assessing the outcomes were blinded to group assignment. Results Rosuvastatin 20 mg significantly reduced plasma LDL-cholesterol, triacylglycerol and total ApoB. It also significantly reduced ApoB pool sizes of larger triacylglycerol-rich VLDL particles (VLDL1; p=0.011), smaller VLDL particles (VLDL2; p=0.011), intermediate density lipoprotein (IDL; p=0.011) and LDL (p=0.011). This reduction was associated with a significant increase in the total fractional catabolic rate of VLDL1-ApoB (6.70±3.24 vs 4.52±2.34 pool/day, p=0.049), VLDL2-ApoB (8.72±3.37 vs 5.36±2.64, p=0.011), IDL-ApoB (7.06±1.68 vs 4.21±1.51, p=0.011) and LDLApoB (1.02±0.27 vs 0.59±0.13, p=0.011). Rosuvastatin did not change the production rates of VLDL2-, IDL-or LDL-, but did reduce VLDL1-ApoB production rate (12.4±4.5 vs 19.5±8.4 mg kg −1 day −1 , p=0.035). No side effects of rosuvastatin were observed during the study. Conclusions/interpretation In type 2 diabetic patients rosuvastatin 20 mg not only induces a significant increase of LDLApoB catabolism (73%), but also has favourable effects on the catabolism of triacylglycerol-rich lipoproteins, e.g. a significant increase in the catabolism of VLDL1-ApoB (48%), VLDL2-ApoB (63%) and IDL-ApoB (68%), and a reduction in the production rate of VLDL1-ApoB (−36%). The effects of rosuvastatin on the metabolism of triacylglycerol-rich lipoproteins may be beneficial for prevention of atherosclerosis in type 2 diabetic patients.
Introduction
Cardiovascular disease (CVD) is the major cause of morbidity and mortality in patients with type 2 diabetes. CVD risk is increased two-to fourfold over non-diabetic patients [1] [2] [3] [4] . Abnormalities of lipid metabolism, observed in type 2 diabetes, are one of the major factors contributing to vascular risk [1, 5] . Diabetic dyslipidaemia includes abnormal metabolism of apolipoprotein B (ApoB)-containing lipoproteins [6, 7] . Indeed, patients with type 2 diabetes show increased plasma triacylglycerol due to increased hepatic production of VLDL particles and decreased catabolism of triacylglycerol-rich lipoproteins (VLDL, intermediate density lipoprotein [IDL] ) [6] [7] [8] [9] [10] . Moreover, overproduction of VLDL particles has been shown to be mainly represented by the formation of larger triacylglycerol-rich VLDL particles (VLDL1), known to be more atherogenic than the smaller VLDL particles (VLDL2) [11, 12] . Although the LDL cholesterol concentration is generally normal or only moderately raised in type 2 diabetic patients, LDL-ApoB metabolism is impaired. Indeed, a significant reduction of LDL catabolism associated in parallel with a diminution of LDL production is observed in patients with type 2 diabetes [10] . The direct consequence of reduced turn-over of LDL particles is an increase in LDL plasma residence time, which is potentially harmful for the vascular wall. Thus abnormal metabolism of ApoB-containing lipoproteins is an important feature of diabetic dyslipidaemia and should be considered as a therapeutic target in patients with type 2 diabetes. Statins have been shown to significantly reduce the risk of cardiovascular events in patients with type 2 diabetes and statin therapy is highly recommended in this high cardiovascular risk population. However, a residual cardiovascular risk is observed in patients with type 2 diabetes who are being treated by statins. This may be due to the fact that statins do not correct all lipid abnormalities associated with diabetic dyslipidaemia, such as hypertriacylglycerol [13] .
Rosuvastatin is a statin which has been shown to reduce LDL-cholesterol more than the other statins at an equivalent dose [14] . In addition, rosuvastatin significantly decreases plasma triacylglycerol levels with greater effect than pravastatin or simvastatin [14] . Interestingly, reduction of plasma triacylglycerol with rosuvastatin has been shown to be more pronounced in patients with the metabolic syndrome [15, 16] . Animal studies indicate that rosuvastatin may reduce VLDL-ApoB production [17, 18] . All these data suggest that rosuvastatin could have specific benefits in improving the metabolism of ApoB-containing lipoproteins, including VLDL, in patients with type 2 diabetes.
However, the effects of rosuvastatin on the metabolism of triacylglycerol-rich lipoproteins remain unknown in such patients. This prompted us to perform an in vivo kinetic study of ApoB-containing lipoproteins with [ 13 C]leucine in patients with type 2 diabetes. In the present study we aimed to assess the effect of 20 mg/day rosuvastatin on the metabolism of all ApoB-containing lipoproteins including VLDL1, VLDL2, IDL and LDL.
Methods
Participants We recruited eight patients with type 2 diabetes and typical diabetic dyslipidaemia defined by triacylglycerol > 1.70 mmol/l and HDL-cholesterol < 1.03 mmol/l in men and <1.29 mmol/l in women. These patients had been treated with oral glucose lowering agents (metformin alone in four patients, metformin + sulfonylureas or glinides in the other four) for at least 6 months and had stable HbA 1c over the last 6 months. Patients with HbA 1c > 9%, LDL-C > 4.90 mmol/l, CVD, renal impairment (creatinine clearance < 0.5 ml/s), abnormal liver or muscle enzymes, history of alcohol and/or drug abuse, hyper-or hypothyroidism, insulin treatment and use of drugs known to affect lipid metabolism (corticoids, retinoids, antiproteases, oestrogens, cyclosporin, glitazones, statins other than rosuvastatin, fibrates, cholestyramine, ezetimibe, nicotinic acid, n-3 fatty acids or phytosterols) were excluded. The protocol was approved by the Dijon University Hospital Ethics Committee and written informed consent was obtained from each participant before the study.
Study design This was a randomised, double-blinded, placebo-controlled crossover trial. Eligible patients entered a 4-week placebo maintenance (weight, glucose, lipids) lead-in period followed by randomisation to a 6-week treatment period with rosuvastatin 20 mg or placebo taken orally once daily with crossover to a further 6-week treatment period. Patients were advised to continue on isoenergetic diets and to keep their levels of physical activity constant. Compliance was assessed by tablet count.
Two kinetic studies were performed in each type 2 diabetic patient. The first one was at the end of the first treatment period and the second at the end of the second treatment period.
The day before the kinetic study, each patient was admitted to the diabetology ward in the morning after a 12 h fast for physical examination and blood sampling. The following day, the kinetic study was performed in the fed state. Food intake, with a leucine-poor diet (7,116 kJ/day, 55% carbohydrate, 39% fat, 7% protein), was fractionated in small portions, which were provided every 2 h starting 6 h prior to the tracer infusion up to the end of the study in order to avoid large variations in apolipoprotein plasma concentration, as previously performed by our group [19, 20] and others [21] . Lyophilised samples were dissolved in 50% (vol./vol.) acetic acid, applied to an AG-50W-X8 200-400 mesh cation exchange column (Bio-Rad, Richmond, CA, USA), and amino acids were recovered by elution with NH4OH 4 mol/l and lyophilised. VLDL2-, IDL-and LDL-ApoB-100 was isolated by selective precipitation with butanol-isopropyl ether as previously described [23] .
Determination of leucine enrichment by gas chromatograph/ combustion/isotope ratio mass spectrometry Amino acids were converted to N-acetyl O-propyl amino acid esters and analysed with an isotope ratio mass spectrometer (Delta C; Finnigan Mat, Bremen, Germany) coupled to a HP 5890 series II gas chromatograph (Hewlett Packard, Waldbronn, Germany), as previously described [23] . [ 13 C]Leucine enrichment was initially expressed in delta ‰ and converted to tracer:tracee ratio prior to modelling [24] [25] [26] .
Modelling The data were analysed with the Simulation Analysis and Modeling II program (SAAM Institute, Seattle, WA, USA) by using the multicompartmental model shown in Fig. 1 . This model has already been used by others for ApoB kinetic studies performed with stable isotope constant infusion [26] . A forcing function, corresponding to VLDL1-ApoB-100 plateau enrichment, was used to drive the appearance of leucine tracer into the different lipoprotein fractions [26, 27] . The delay compartment accounted for the time required for the synthesis and secretion of ApoB-100 into the plasma. Compartments 1 and 2 represent plasma VLDL1-ApoB-100 and VLDL1 remnants-ApoB-100 respectively. Compartments 11 and 12 represent plasma VLDL2-ApoB-100 and VLDL2 remnants-ApoB-100 respectively. Compartments 21 and 22 represent plasma IDL-ApoB-100 and IDL remnants-ApoB-100 respectively. Compartment 31 represents plasma LDL-ApoB-100.
In stable isotope kinetic studies, the tracee is in steady state while the tracer is in a dynamic condition. It is generally k (31.21) k (21, 11) assumed that the tracee steady state is not perturbed by the tracer injection [28, 29] . In stable isotope experiments two sets of differential equations are needed to describe the model because two state variables q (tracer) and Q (tracee) are present in the tracer:tracee ratio equation z(t) = q(t)/Q(t).
One set of differential equations describes the movement of tracer through the model and the other set describes the movement of tracee through the model [25, 28] . From the structure of the model, the SAAM software internally constructs the system of differential equations represented by the model. For instance, in our model, time changes of the amount of tracer in compartment 2 (q 2 ) equals the difference between the input from compartment 1 (represented as the product of the amount of tracer in this compartment [q 1 ] multiplied by the rate constant from 1 to 2) and the output from compartment 2 toward the environment. Expressed as a formula, this is:
In general, k(y,x) are the fractional transfer coefficients from compartment x to compartment y [28] . Because the experiment was performed in the steady state, the fractional synthetic rate equalled the fractional catabolic rate (FCR) [25, 28] .
Direct FCRs of VLDL1-ApoB and FCRs from VLDL1 to VLDL2 or IDL (indirect FCR), expressed in pools per day, were calculated as follows:
where M j represents the ApoB mass (expressed as concentration per litre of plasma) of compartment j. Total FCR of ApoB VLDL1 is the sum of direct FCR VLDL1 and indirect FCR VLDL1→VLDL2→IDL .
Direct FCRs of VLDL2-ApoB and FCRs from VLDL2 to IDL (indirect FCR), expressed in pools per day, were calculated as follows:
Direct FCRs of IDL-ApoB and FCR from IDL to LDL (indirect FCR) were calculated as follows:
The FCR of LDL-ApoB was calculated as follows:
Production rates of ApoB-100 in each lipoprotein fraction were normalised to body weight and calculated as follows:
where PR is the production rate and ApoB pool size is calculated by multiplying the ApoB concentration in the lipoprotein fraction (VLDL, IDL or LDL) by the estimated plasma volume (4.5% of body weight) [25] . In obese participants (BMI ≥ 30), a correction of plasma volume was performed as previously reported by many authors [30, 31] . The plasma volume was modified by multiplying by a correction factor to take into account the decrease in relative plasma volume associated with an increase in body weight [32] . Akaike's information criterion was used to compare different models and the model with the lowest Akaike's information criterion value was chosen. Moreover, the physiological plausibility of the model has been verified. The goodness of fit of the model was assessed by the analysis of the residuals with the runs test [28] . The model satisfied prior and posterior identifiability. The parameters were uniquely estimated for every single patient. 
Biochemical analysis

Results
Glucose and lipid parameters Baseline characteristics in the form of glucose and plasma lipid parameters are shown in Table 1 for patients with type 2 diabetes on placebo and on rosuvastatin 20 mg/day. Treatment with rosuvastatin 20 mg/day was well tolerated in all patients. Body weight, HbA 1c , fasting glycaemia, fructosamine and HOMA-IR were similar in participants on placebo and on rosuvastatin. Treatment with rosuvastatin 20 mg induced a significant decrease of total cholesterol (−38%), LDL-cholesterol (−51%), triacylglycerol (−38%), plasma ApoB (−40%), ApoC-III (−30%) and lathosterol (−85%) ( Table 1) . HDL-cholesterol and plasma ApoA-I were not modified by rosuvastatin 20 mg/day. Treatment with rosuvastatin was accompanied with a reduction of esterified cholesterol in VLDL1, VLDL2, IDL and LDL and of triacylglycerol in VLDL1 and LDL (−31%; Table 1 ).
ApoB-100 kinetic parameters Table 2 gives the pool sizes and kinetics of VLDL1-, VLDL2-, IDL-and LDL-ApoB-100 for participants on placebo and on rosuvastatin 20 mg. Compared with placebo, rosuvastatin 20 mg significantly decreased the pool sizes of VLDL1-(−57%), VLDL2-(−42%), IDL-(−43%) and LDL-ApoB-100 (−44%) ( Table 2) . Compared with placebo, rosuvastatin 20 mg significantly increased the total FCRs of VLDL1-(48%), VLDL2-(63%), IDL-(68%) and LDL-ApoB-100 (73%). The increase in VLDL1-ApoB-100 total FCR was due to an increase in indirect VLDL1-ApoB-100 FCR (towards VLDL2 and IDL) ( Table 2) . Compared with placebo, rosuvastatin 20 mg significantly reduced the production rate of VLDL1-ApoB-100 (−36%; Table 2 ). The production rates of VLDL2-, IDLand LDL-ApoB-100 were not modified by rosuvastatin. The isotopic enrichment curves for VLDL1-, VLDL2-, IDL-and LDL-ApoB with [ 13 C]leucine in the eight patients are shown in Fig. 2 for participants treated with placebo ( Fig. 2a) and those treated with rosuvastatin 20 mg (Fig. 2b) . On rosuvastatin, the rate of appearance of tracer within VLDL1-, VLDL2-, IDL-and LDL-ApoB-100 fractions was increased, indicating an acceleration of the corresponding rates of catabolism.
The decrease in LDL-triacylglycerol that was induced by rosuvastatin 20 mg correlated with the increase in total FCR of VLDL1-ApoB-100 (r=0.73, p=0.05). The decrease in plasma ApoC-III correlated negatively with the increase in VLDL1-ApoB-100 FCR without reaching statistical significance (r=−0.52, p=0.18).
Discussion
Our present study provides new information on the effects of rosuvastatin on the metabolism of triacylglycerol-rich lipoproteins in patients with type 2 diabetes and diabetic dyslipidaemia. We showed that rosuvastatin significantly reduces the pool of all ApoB-containing lipoproteins: and a significant decrease in the VLDL1-ApoB production rate. To date, very few studies have analysed the effects of statins on ApoB metabolism in patients with type 2 diabetes [34, 35] . In seven patients with type 2 diabetes and hypertriacylglycerolaemia, Ouguerram et al. found that atorvastatin 40 mg decreased plasma triacylglycerol and ApoB-100 in VLDL, IDL and LDL, this being associated with a significant reduction of IDL-and LDL-ApoB-100 FCRs and a significant decrease in VLDL-ApoB-100 production rate [34] . Myerson et al. showed in five patients with type 2 diabetes that simvastatin 80 mg increased IDL-ApoB-100 FCR and reduced LDL-ApoB-100 production rate [35] . A kinetic study with rosuvastatin 10 mg and 40 mg on ApoB metabolism in individuals with the metabolic syndrome has recently been reported [36] . However, patients with type 2 diabetes were excluded from that study. Because of the important role of diabetic dyslipidaemia in the promotion of CVD in patients with type 2 diabetes, and because statin therapy is highly recommended in patients with type 2 diabetes, it is essential to know the effects of rosuvastatin, a potent hydroxymethylglutaryl CoA reductase inhibitor, on the metabolism of ApoB-containing lipoproteins. Diabetic dyslipidaemia includes abnormal metabolism of ApoB-containing lipoproteins with increased hepatic production of VLDL particles (mostly VLDL1) and decreased catabolism of VLDL, IDL and LDL [6] [7] [8] [9] [10] [11] . In the present study, we showed that rosuvastatin 20 mg significantly increased the total catabolism of VLDL1-, VLDL2-, IDLand LDL-ApoB-100. These results are consistent with those of Ooi et al. showing increased FCR of VLDL-, IDL-and LDL-ApoB-100 with rosuvastain in individuals with the metabolic syndrome, although a specific study of VLDL1 and VLDL2 kinetics was not performed in that study [36] . Our data indicate that the increased total catabolism of VLDL1-, VLDL2-and IDL-ApoB-100 that is induced by rosuvastatin is mainly due to an increase in indirect catabolism of those lipoproteins. This suggests that rosuvastatin could increase the clearance of VLDL1, VLDL2 and IDL mainly through the lipase-mediated catabolic pathway. Indeed, several statins have been shown to increase lipoprotein lipase expression in adipose tissue [37] [38] [39] . It has been demonstrated that atorvastatin 40 mg increases lipoprotein lipase activity by 25% in patients with type 2 diabetes [40] . Statins may increase lipoprotein lipase activity by different mechanisms. On the one hand, they have been shown to reduce mRNA as well as plasma levels of ApoC-III, the lipoprotein lipase inhibitor [37] ; on the other hand, cholesterol depletion of the cell, induced by statins, may directly increase lipoprotein lipase activity via a functional responsive element for sterol regulatory binding proteins [39, 41] and via peroxisome proliferator-activated receptor γ in the lipoprotein lipase gene promoter [42] . In our study, we did not find a significant correlation between the fall in plasma ApoC-III concentration and the increase in VLDL1-ApoB-100 FCR, but only a trend. Due to the limited number of patients in our study, we cannot totally exclude a role of the decrease in plasma ApoC-III in the augmentation of VLDL1-ApoB-100 FCR. However, our data indicate that it is unlikely to be a major factor. Furthermore, we do not know whether this decrease in plasma ApoC-III is due to decreased hepatic synthesis and/or increased VLDL catabolism and transfer to other lipoproteins, especially HDL. The acceleration, induced by rosuvastatin, of the catabolism of all ApoB-containing lipoproteins directly reduces their plasma residence time, which may diminish their potential harm on the vascular wall.
To date, the effects of statins on VLDL1 and VLDL2 metabolism have never been studied. A new finding was that rosuvastatin 20 mg significantly decreased the production rate of VLDL1-ApoB-100. Augmented production of VLDL1 is an important hallmark of diabetic dyslipidaemia and it is interesting to observe that treatment with rosuvastatin may reduce such abnormality. Animal studies have shown that rosuvastatin may reduce VLDL-ApoB production [17, 18] . Our results are in accordance with in vitro studies that have shown that rosuvastatin decreases activity of the hepatic diacylglycerol:acyl transferase, the last enzyme of the triacylglycerol synthesis pathway [17] , and the levels of hepatic microsomal triacylglycerol transfer protein (MTP) [18] . A similar reduction of levels of hepatic MTP has also been reported with atorvastatin [43] . Both atorvastatin and rosuvastatin have been shown to stimulate ApoB degradation in hepatocytes, leading to a reduction in assembly and secretion of VLDL particles [18, 43, 44] .
The effects of rosuvastatin on the kinetics of ApoBcontaining lipoproteins in patients with type 2 diabetes may be considered to be positive. Indeed, we have shown in our study that rosuvastatin reverses the metabolic abnormalities of the VLDL-IDL-LDL cascade that are typical of diabetic dyslipidaemia (increased VLDL1 production and decreased catabolism of VLDL, IDL and LDL). As a consequence of the rosuvastatin-induced reduction of VLDL1-ApoB-100 production and the rosuvastatin-induced increase in the catabolism of VLDL1, VLDL2-, IDL-and LDL-ApoB-100, we observed a significant reduction of the pools of all ApoB-containing lipoproteins, which are known to be atherogenic. This reduction may potentially reduce cardiovascular risk. Furthermore, we observed that rosuvastatin not only reduces plasma triacylglycerol, but also LDL-triacylglycerol. The reduction in LDL-triacylglycerol was found to be correlated with the increase in the VLDL1 catabolic rate. It has been proposed that the large, triacylglycerol-rich VLDL1 particles promote the cholesteryl ester transfer protein (CETP)-mediated transfer of triacylglycerol to LDL particles, generating small dense triacylglycerol-rich LDL particles, which are potentially atherogenic [45] . Our data indicate that the increase in VLDL1 catabolism induced by rosuvastatin leads to reduced triacylglycerol transfer from VLDL1 to LDL, possibly by reducing both the VLDL1 pool and VLDL1 plasma residence time. Moreover, the decrease in plasma triacylglycerol, which is secondary to rosuvastatin-induced changes in triacylglycerol-rich lipoprotein kinetics, may also influence, via CETP, the remodelling of HDL particles. It remains to be examined whether this could modify HDL metabolism.
Our study has some limitations. Measurement of lipoprotein lipase and hepatic lipase activities might have shed more light on the mechanisms for increased catabolism of triacylglycerol-rich lipoproteins with rosuvastatin. Although the number of patients in our study was limited, we were able, using a crossover trial design in well selected patients featuring typical diabetic dyslipidaemia, to show significant modification of VLDL1, VLDL2, IDL and LDL kinetics with 20 mg rosuvastatin.
Based on current clinical evidence, statins are the firstchoice pharmacological therapy to address diabetic dyslipidaemia, due to their potent LDL-cholesterol-reducing properties [46] [47] [48] [49] . However, patients with type 2 diabetes show 'residual' cardiovascular risk even when treated with statins [13, 46, 47, 48, 49] . This 'residual' cardiovascular risk may be due to the fact that statins do not correct all lipid abnormalities associated with diabetic dyslipidaemia, such as hypertriacylglycerolaemia. We showed, in the present study, that rosuvastatin not only increases the catabolism of LDL, but also increases the catabolism of all triacylglycerolrich lipoproteins (VLDL1, VLDL2 and IDL) and reduces the production of VLDL1. Conceivably, these additive effects of rosuvastatin on the metabolism of triacylglycerol-rich lipoproteins may be beneficial for the reduction of cardiovascular risk in patients with type 2 diabetes. A recent intravascular ultrasound trial (ASTEROID), performed in coronary patients including some with type 2 diabetes, has shown a significant regression of atherosclerosis in individuals treated with rosuvastatin [50] in accordance with the beneficial modification of the metabolism of ApoB-containing lipoproteins observed in our study.
